Botulinum toxin (BoNT) has been used for the treatment of a variety of neurologic, medical and cosmetic conditions. Two serotypes, type A (BoNT-A) and type B (BoNT-B), are currently in clinical use. While considered safe and effective, their use has been rarely complicated by the development of antibodies that reduce or negate their therapeutic effect. The presence of antibodies has been attributed to shorter dosing intervals (and booster injections), higher doses per injection cycle, and higher amounts of antigenic protein. Other factors contributing to the immunogenicity of BoNT include properties of each serotype, such as formulation, manufacturing, and storage of the toxin. Some newer formulations with purified core neurotoxin devoid of accessory proteins may have lower overall immunogenicity. Several assays are available for the detection of antibodies, including both structural assays such as ELISA and mouse-based bioassays, but there is no consistent correlation between these antibodies and clinical response. Prevention and treatment of antibody-associated non-responsiveness is challenging and primarily involves the use of less immunogenic formulations of BoNT, waiting for the spontaneous disappearance of the neutralizing antibody, and switching to an immunologically alternate type of BoNT.
Introduction
Botulinum toxin (BoNT) is a potent toxin that has proven remarkably useful in the treatment of a variety of neurologic and non-neurologic conditions [1] . Ever since the first study demonstrating its efficacy in blepharospasm [2] , which eventually led to the approval by the US Food and Drug administration as the initial therapeutic indication for BoNT (along with strabismus and other facial spasms), the use of BoNT has expanded to multiple other indications and has provided therapeutic efficacy not possible with oral medications. However, there are some patients who lose their response to BoNT injections for a variety of reasons, including the emergence of immunoresistance as a result of formation of blocking or neutralizing antibodies (NAbs). In this review, we discuss the mechanisms and prevalence of antibody formation across BoNT therapy indications and BoNT formulations, as well as methods of detection of these antibodies and their relationship to clinical outcomes.
Definitions
Terminology used to describe BoNT outcomes is often confusing and not well defined. Primary non-response (PNR) refers to a situation in which patients in whom BoNT fails to improve symptoms 68-week extension [27] . Similarly, a trial of incobotulinumtoxinA in blepharospasm did not find any NAbs during the extension phase, despite half of the patients having median injection intervals of less than 12 weeks [28] . However, the mean dose per treatment visit, ranging from 64.7 units at the first visit to 72.7 units at the fifth visit [28] , was substantially lower than the usual doses used in the treatment of CD or spasticity. In one study of 30 patients with a variety of dystonias who received shorter intervals of incobotulinumtoxinA dosing, with a mean 9.9-week inter-dose interval for a mean 14.3 injections, none of the patients demonstrated SNR [22] . These trials all used incobotulinumtoxinA, which may have lower rates of immunogenicity than other BoNT formulations (as discussed below).
Botulinum Toxin Structure and Function
BoNT is composed of a core neurotoxin and associated non-toxic accessory proteins (NAPs). The core neurotoxin consists of a 150 kD inactive precursor protein that contains a 100 kD heavy chain and 50 kD light chain, linked by a disulfide bond [29] . BoNT binds to glycoprotein acceptors on the cholinergic nerve terminal membrane, where native vesicle recycling mechanisms are used to facilitate uptake or endocytosis (BoNT-A via SV2, and BoNT-B via synaptotagmin) of the 50 kD light chain into the cytoplasm [30, 31] . There, the light chain cleaves SNARE (soluble N-ethylmaleimide sensitive factor attachment protein receptor) proteins involved in eventual transport of acetylcholine (Ach) vesicles and their docking with the presynaptic membrane before releasing Ach into the synaptic cleft. Different serotypes of BoNT affect different SNARE proteins: SNAP 25 is cleaved by BoNT-A, BoNT-C, and BoNT-E, and VAMP (or synaptobrevin) is cleaved by BoNT-B, BoNT-D, and BoNT-F [24, 29] . The impaired Ach exocytosis interferes with synaptic neural transmission in striate muscles as well as other cholinergically innervated structures, such as smooth muscles or exocrine glands, including salivary glands [24] .
The core neurotoxin is typically accompanied by NAPs, comprised of hemagglutinin (50 kD) and non-hemagglutinin proteins (130 kD), that associate with the core neurotoxin to help prevent degradation [7, 24, 32] . Different BoNT types have different NAP compositions (including between preparations of the same serotype) [24] . IncobotulinumtoxinA is the only product where all NAPs have been removed during manufacturing [33] . These associations of core neurotoxin and NAPs are mixed with excipients, which vary among different brands, but include albumin, sucrose, lactose, sodium chloride, and disodium succinate [24] . DaxibotulinumtoxinA, a new formulation currently in development has a unique peptide excipient (described further below) [34] .
Currently commercially available BoNT products contain either BoNT-A or BoNT-B serotypes. BoNT-A drugs include onabotulinumtoxinA (Botox ® ), abobotulinumtoxinA (Dysport ® ), and incobotulinumtoxinA (Xeomin ® ), while the only BoNT-B drug commercially available is rimabotulinumtoxinB (Myobloc ® or NeuroBloc ® ). Activity of these drugs is assessed by lethality assay (LD 50 ), measured in mouse units (MU): However, assays by manufactures differ and preclude direct comparisons of potency between brands [24] . Although the individual units are not interchangeable, generally, one unit of onabotulinumtoxinA is equivalent to one unit of incobotulinumtoxinA [35] , 2.5 units of abobotulinumtoxinA [36] , and 50 units of rimabotulinumtoxinB [37] . Overall, BoNT-A has greater motor effects while BoNT-B has greater autonomic effects associated, for example, with dryness of the mouth due to reduced salivary secretions [24, 38] . DaxibotulinumtoxinA is composed of a purified core neurotoxin without any NAPs (similar to incobotulinumtoxinA) and a stabilizing excipient peptide that binds to the neurotoxin [34] . This peptide is presumably designed to reduce diffusion of the neurotoxin and consequently increase its duration of effect. A phase 2 open-label trial of daxibotulinumtoxinA in 33 patients with CD noted a mean duration of effect of 25.3 weeks, longer than typical effect durations of other BoNT-A formulations [34] . A similar prolonged effect was noted in another phase 2 trial examining its use in the treatment of glabellar lines [39] . These findings, however, must be confirmed by larger, phase 3 studies that are currently being conducted in multiple centers.
Botulinum Toxin Antibodies
Antibodies against BoNT can be broadly divided into NAbs, targeting the core neurotoxin, particularly the binding site on the heavy chain, and non-neutralizing antibodies, typically targeting accessory proteins or clinically irrelevant sites on the core neurotoxin and which do not affect clinical efficacy. However, some antibodies have been found to bind to regions on the light chain of BoNT-A [40] . While these antibodies may also affect binding of the heavy/light chain complex, they may also impair downstream binding of the light chain to its target SNAP-25 substrate [14] .
NAbs can decrease over a prolonged period of time. In one study we showed that the average duration between the detection of NAb and subsequent reversal to NAb negative status was 30 months (range, 10-78 months) [41] . In another series, 60% of patients' titers eventually dropped after 6 years [42] . Unfortunately, the immunologic response to the same BoNT serotype can be reactivated by repeat treatments [41, 43] . In some patients with partial SNR associated with NAbs, further increases in BoNT dosing can restore therapeutic benefit, but this may require up to four times the typical dosages of BoNT [44] . Plasmapheresis can remove NAbs and allow for resumption of therapy, but this is associated with increased risks and costs [3] . Intravenous immunoglobulin (IVIG) in doses up to 35 g has not been shown to be effective in reducing NAbs [45] .
Antibodies directed against BoNT, typically of the IgG type, are sero-specific. Thus patients who fail to respond to BoNT-A because of the development of NAbs usually respond to BoNT-B. However, there is concern that those patients who switch serotypes are at a higher risk for developing resistance to the alternate type of BoNT. This is partly due to about 30% structural homology in the heavy chains of BoNT-A and BoNT-B [46] . Several studies have shown that patients who develop SNR to onabotulinumtoxinA may initially respond to rimabotulinumtoxinB but are likely to develop SNR to BoNT-B [3, 21, 43] . A similar risk is seen in studies switching from BoNT-A to BoNT-F [3, 47] .
Another strategy to regain clinical responsiveness in patients with SNR is to transition them to the formulation of BoNT that lack complexing proteins and, therefore, have potentially lower immunogenicity. Dressler et al. prospectively followed eight patients with CD and SNR associated with prior treatments with BoNT other than incobotulinumtoxinA [43] . After waiting for a complete drop in their BoNT-A NAbs titers, they resumed injections on these patients with incobotulinumtoxinA. All of these eight patients had regained the benefit of BoNT therapy, and no patients developed further SNR or another increase in BoNT-A titers over a mean follow-up of 1895.4 ± 1211.4 days [43] . While the small sample size may be a confounding factor, this study supports the potential use of incobotulinumtoxinA in patients with prior SNR to BoNT-A, after the NAbs have disappeared, and possibly its use as the initial formulation of BoNT.
Antibodies to the NAPs do not result in the loss of efficacy and are, therefore, not as clinically relevant as antibodies targeting the heavy or light chains [48] . Indeed, NAPs may serve to block access to antigenic sites on the core neurotoxin, and thus reduce immunogenicity [7] . One study examining antibody formation in response to vaccination with BoNT in rabbits showed higher antibody response to abobotulinumtoxinA compared to onabotulinumtoxinA, despite a lower NAP content in abobotulinumtoxinA [7] . This may be potentially explained by the inclusion of flagellin in abobotulinumtoxinA, a NAP that may serve as an adjuvant by interacting with toll-like receptors, involved in innate immunity that recognizes antigens with highly conserved molecular structures [49] . Additional studies [7, 32, 50] have suggested adjuvant effects from NAPs, but methodological concerns such as atypical preparation and excessive dosing amounts and frequency may have aberrantly increased immunogenicity [7] . However, this theory has driven development of products such as incobotulinumtoxinA and daxibotulinumtoxinA, where NAPs have been removed in an effort to reduce immunogenicity. This is supported by a relatively low frequency of antibody formation in patients treated with incobotulinumtoxinA [19, 24, 51] .
Several factors relating to the structure of the BoNT itself, such as the ratio of active to inactive core neurotoxin, can affect its immunogenicity. Inactive protein refers to the 150 kD precursor protein formed prior to further protease cleaving into a 100 kD heavy chain and 50 kD light chain. Although inactive, this 150 kD protein bears the same epitopes as the heavy and light chain and remains immunogenic [52] . Consequently, products with a higher ratio of inactive to active toxin are more prone to generating antibodies and have a lower specific biological activity, which denotes the ratio of biologic activity to antigenic toxin [53] .
Historically, the most notable example of product property affecting antigenicity is the transition from the original formulation of onabotulinumtoxinA to the newer formulation of onabotulinumtoxinA in 1997 [7] . The original formulation had higher amounts of inactive protein (up to 90%), with 25 ng of neurotoxin per 100 MU vial compared to 5 ng of neurotoxin in the newer preparation [20] . Antibody formation was found to be six times more likely with the original formulation than with the newer formulation [54] . BoNT-A is generally 95% activated during manufacturing, but approximately 25-30% of BoNT-B remains inactive, which may contribute to its antibody formation, discussed further below [55, 56] . Variations in protein inactivation is not limited to different formulations: Changes in manufacturing process can lead to three-dimensional structure alterations, and degradation during storage can lead to unintentional inactivation of toxin [7, 57] .
Characteristics of the patients themselves may also affect rates of immunogenicity. Patients may already have antibodies related to prior botulism or vaccinations. Some have theorized that tetanus vaccinations may contribute to BoNT NAb formation, as tetanus toxin has a greater than 50% homology in amino acids to BoNT-A and BoNT-B. However, this has not been supported by animal data, and human data is not available [7] .
Antibody Detection
When studying the effects of clinically relevant antibody-induced SNR, the ability to accurately detect and quantify antibodies becomes paramount. Various laboratory assays have been used to detect antibodies in patients with possible immunoresistance ( Table 1 ). They can be broadly divided into structural assays and bioassays. Structural assays, such as ELISA and immunoprecipitation assays (IPA) [58] , are sensitive in the detection of BoNT antibodies, but they are unable to discriminate between neutralizing and non-neutralizing antibodies. Bioassays such as the MPA or MHDA utilize animals to identify neutralizing antibodies that impact the clinical efficacy of the toxin. The MPA has been historically considered the "gold standard" in the detection and quantitative measurement of BoNT NAbs [7, 24] . In this assay, a patient's serum is incubated with a standardized quantity of neurotoxin, and this neurotoxin is delivered via intraperitoneal injection into several mice. The results are based on the number of mice that survive due to the effects of NAbs in the patient's serum. Some studies have used a qualitative version of this assay, where four mice are injected with the serum/neurotoxin combination, and a positive Ab results denotes the survival of 3 4 mice [58] . Initial studies had a low sensitivity (47%) but high specificity (100%), with no false-positive results among MPA positive patients [59] . An additional study comparing the MPA to an IPA found similar sensitivity and specificity characteristics without false positives [58] . However, later studies have detected NAbs by MPA in rare patients who continue to respond clinically. In one study, four of 326 patients treated for their CD with onabotulinumtoxinA developed antibodies by MPA, but one of these four patients continued to have clinical responsiveness [18] . In another meta-analysis of patients treated with the lower protein formulation of onabotulinumtoxinA, 11/2240 (0.5%) across various indications developed NAbs by MPA [60] . However, seven of these 11 patients continued to have clinical response, but two of these seven had only a transiently positive test. Clinical responsiveness, however, is sometimes difficult to define, particularly when only one or two clinical evaluations are available, because of the placebo response and other factors. Although clinically useful, the MPA is not an ideal assay as it involves sacrificing animals, is very time-consuming, expensive, and semi-quantitative, and it requires a well-equipped and experienced laboratory [3, 7] . The assay, although costly, is still commercially available at https://pacificbiolabs.com/?s=mouse+protection.
The MHDA utilizes ex vivo testing for NAbs. In this test, the left hemidiaphragm and phrenic nerve of a mouse are excised and placed in an organ bath. A serum/neurotoxin combination is applied to the assay, and the time to reach half-maximum of an electrically induced twitch force is measured. This measured time has a linear relationship to the amount of NAbs in the serum added to the assay [3, 61] . The MHDA sensitivity has been reported at 0.0003 U/mL [20, 62] , or 25 times more sensitive than the MPA detection limit of 0.005-0.01 U/mL [63] . Given the higher sensitivity, fewer animals required, lower costs, decreased time to results, and less animal suffering, some have advocated for the replacement of the MPA by the MHDA [3, 20, 24] . However, the increased sensitivity has raised concerns for a higher false-positive rate (or at least detecting antibodies of uncertain clinical relevance), and thus difficulty in predicting SNR [7] . MHDA was used in the study by Albrecht et al., which reported 14% prevalence of NAbs among 596 patients treated with BoNT-A; 54% of whom were treated with abobotulinumtoxinA [51] . The authors, however, provided no data on the correlation between the presence of antibodies detected by the MHDA and clinical response. Although the assay is supposed to detect blocking antibodies, the authors noted that their patients were "still responding." This observation strongly suggests that MPA is more clinically meaningful than MHDA, which may explain the differences in the reports of SNR among various studies. These findings underscore the importance of developing a standardized method for assaying NAbs that is both sensitive and specific for detecting clinically meaningful NAbs that are not animal-based, and that can be used to monitor BoNT-treated patients for the presence or emergence of immunoresistance.
Structural assays have largely been used as a screening test for NAbs, before confirmatory bioassay measurements are performed, due to their inability to discriminate between neutralizing and non-neutralizing antibodies [7] . In one of our early studies, designed to compare the Western blot assay (WBA) to MPA, relatively poor correlation was noted between the two assays with the WBA having low specificity [59] . Another assay, the IPA, measures the precipitation of radioiodinated BoNT ( 125 I-BTX) when mixed with test sera [58] . One study compared IPA versus MPA in 83 patients (38 non-responders and 45 responders, mostly with CD). Sensitivities and specificities of these two assays were calculated using a patient's level of clinical response, as well as their response to additional clinical tests such as the unilateral brow injection (UBI) and frontalis antibody test (FTAT), both described in the next section. All patients with a positive MPA result also had positive IPA results, but 19 patients with positive IPA results had negative MPA results. Furthermore, 14 of these 19 patients had SNR (two of whom later became positive by MPA), and five of the 19 continued to respond and were classified as false positives. IPA overall had a higher sensitivity (77-90%) versus MPA (30-50%) but a lower specificity (81-89%) versus MPA (100%), using clinical responsiveness, UBI, and FTAT as reference results [58] .
ELISA tests have been used in the past, but without clear assessment of their quality [64] . A more recent study compared the specificity and sensitivity of ELISA versions of varying BNT-A1 coating antigen concentrations, using the results of the MHDA as a reference standard [64] . By adjusting the cut-off value of the positive result, they were able to calibrate the ELISA to maximum sensitivity (100% sensitivity and 55% specificity) or maximum specificity (100% specificity and 90% sensitivity) as compared to referenced results determined via MHDA testing. Varying sensitivities and specificities were noted with other antigen coating concentrations and serum dilutions. Similar to other studies, the value of the test seemed to lie in its sensitivity and screening potential, while bioassays such as MHDA and MPA are still required as confirmatory tests.
Clinical Resistance Tests
Given the difficulties of accessing reliable assays that do not require sacrificing animals and are relatively affordable, there has been growing interest in clinical tests of immunoresistance that are easy to perform and interpret and that correlate well with therapy response ( Table 2 ). In this regard, we developed the UBI as an easy and reliable clinical method of screening for SNR. The UBI test consists of injecting a standard amount of BoNT in the right (by convention) medial eyebrow ( Figure 1 ) [18] . The following dosages have been used traditionally as they are sufficient to paralyze the unilateral corrugator/procerus muscles: 20 U of ona-and incobotulinumtoxinA, 50 U abobotulinumtoxina, and 1000 U rimabotulinumtoxinB. After sufficient time for the BoNT to take effect (typically 1-3 weeks), the patient is instructed to frown and observe in the mirror whether the frown is symmetrical or asymmetrical [18] . The patient is also instructed to send us self-photographs showing normal facial expression and a frowning expression, which helps to document any asymmetry, indicative of absence of SNR ( Figure 1 ). Since essentially all individuals normally frown symmetrically, asymmetric frowning is indicative of responsiveness to the injected BoNT that has weakened the right corrugator/procerus muscles. In contrast, symmetric frowning indicates that the injected muscles were not weakened and, therefore, the patient is likely immunoresistant to that type of BoNT. In the initial study comparing MPA to Western blot, several patients were also given UBI; eight patients who were SNR had concordant negative UBI results (no asymmetry was noted), and five of six patients who were clinical responders had positive UBI results (asymmetric frowning). The one patient with discrepant results was noted to have a borderline clinical response. Although it was used in only a portion of the patients, the sensitivity of the UBI was higher than the MPA in this study [59] . In another study comparing MPA to IPA in antibody detection, 29 patients received UBI in addition to undergoing these assays. Nine of the 10 patients with SNR had negative UBI results (with the discordant patient being -MPA but +IPA); 15 of the 19 patients with clinical response had positive (asymmetric) UBI results; three of these four discordant patients had borderline clinical response, which was reduced from their initial response to BoNT-A [58] . Over the past 3-4 decades, we have used the UBI and have found the test to be reliable in detecting SNR. The rationale behind the frontalis antibody test (FTAT), used in the past by some investigators, is similar to the UBI, but involves injection of BoNT into the frontalis muscle and subsequent assessment for asymmetry of forehead wrinkling on eyebrow elevation [59] . Since the unilateral weakness of the injected frontalis muscles results in asymmetric elimination of wrinkles, often associated with the lowering of the ipsilateral eyebrow, the FTAT is not cosmetically acceptable and, therefore, we prefer UBI to FTAT. In the same study comparing antibody detection by MPA to Western blot, 10 of 11 patients with SNR who underwent FTAT had concordant negative results; one patient with clinical response Toxins 2019, 11, 491 9 of 22 underwent FTAT and had a concordant positive (asymmetric) result [59] . In the study comparing MPA and IPA antibody detection, 19 patients underwent FTAT: 10 of 12 patients with SNR had concordant negative (symmetric) FTAT results, and seven of seven patients with clinical responsiveness had concordant positive (asymmetric) FTAT results [58] . The two SNR patients with discordant FTAT results were both negative MPA, but one had a positive IPA result. The rationale behind the frontalis antibody test (FTAT), used in the past by some investigators, is similar to the UBI, but involves injection of BoNT into the frontalis muscle and subsequent assessment for asymmetry of forehead wrinkling on eyebrow elevation [59] . Since the unilateral weakness of the injected frontalis muscles results in asymmetric elimination of wrinkles, often associated with the lowering of the ipsilateral eyebrow, the FTAT is not cosmetically acceptable and, therefore, we prefer UBI to FTAT. In the same study comparing antibody detection by MPA to Western blot, 10 of 11 patients with SNR who underwent FTAT had concordant negative results; one patient with clinical response underwent FTAT and had a concordant positive (asymmetric) result [59] . In the study comparing MPA and IPA antibody detection, 19 patients underwent FTAT: 10 of 12 patients with SNR had concordant negative (symmetric) FTAT results, and seven of seven patients with clinical responsiveness had concordant positive (asymmetric) FTAT results [58] . The two SNR patients with discordant FTAT results were both negative MPA, but one had a positive IPA result.
In the extensor digitorum brevis (EDB) test, the EDB muscle compound muscle action potential (cMAP) is measured by electromyography (EMG), followed by injection with a test dose of BoNT-A [65] . A positive response is defined as less than 50% decrease in cMAP amplitude. Initial studies noted an 80% sensitivity and 94% specificity with EDB testing for SNR to BoNT-A [65] . In one study, 20 patients with CD and SNR to BoNT-A were assessed clinically by the Toronto Western Spasmodic Torticollis Rating Scale (TWSTRS), and the EDB test was performed before the first visit and 15-21 (BoNT) , hence the patient is responding (no immunoresistance). Legend: By convention the following dosages are injected into the right medial eyebrow: 20 U of onabotulinumtoxinA; incobotulinumtoxinA, 50 U of abobotulinumtoxinA, or 1000 U of rimabotulinumtoxinB. About 2 weeks after BoNT injection the patient is instructed to frown and describe whether the frown is symmetric or asymmetric and then send a picture of the upper face depicting the frown to the treating physician.
In the extensor digitorum brevis (EDB) test, the EDB muscle compound muscle action potential (cMAP) is measured by electromyography (EMG), followed by injection with a test dose of BoNT-A [65] . A positive response is defined as less than 50% decrease in cMAP amplitude. Initial studies noted an 80% sensitivity and 94% specificity with EDB testing for SNR to BoNT-A [65] . In one study, 20 patients with CD and SNR to BoNT-A were assessed clinically by the Toronto Western Spasmodic Torticollis Rating Scale (TWSTRS), and the EDB test was performed before the first visit and 15-21 days after a second injection [66] . NAbs were assessed primarily by IPA in which a positive clinical response was defined as a >30% improvement in TWSTRS. In the 10 patients with negative IPA, there was a mean EDB decrement of 85%. In contrast, of the 10 patients with positive IPA, there was a wide range of cMAP decrement, but seven of the 10 patients had decrements of less than 23%. The remaining three patients with larger decrements were noted to have low NAbs titers by IPA. Clinically, 11 patients (two with negative IPA and nine with positive IPA) had sustained SNR after injection with an EMG-guided technique. Of these 11 patients, seven (all with positive IPA) had SNR by EDB testing. The other four patients with negative EDB results had low or no NAb titers by IPA [66] . EDB testing results thus overall correlated well with high NAb titers by IPA.
In the sternocleidomastoid (SCM) test, a patient's SCM maximal contraction is measured via two surface electrodes [67] . The SCM is then given a test dose of BoNT, the maximal contraction is re-measured by surface electrodes 14-21 days later, and the reduction in maximal contraction is calculated as a percentage. Reduction percentages that are two standard deviations below a previously measured mean reduction in a control group are considered abnormal. In the initial study describing this procedure, 17 patients with both partial and complete SNR were assessed by MPA, MHDA, and SCM testing [67] . These three tests were nearly entirely consistent: Six patients had evidence of NAbs by MPA, MHDA, and SCM testing, and 10 patients had no NAbs by MPA, MHDA, and SCM testing. Only one patient with evidence of NAbs by SCM testing had no NAbs initially by bioassay: However, a subsequent MPA performed 18 months later returned positive [67] . SCM detection of NAbs was thus highly consistent with bioassay tests.
The ninhydrin sweat test (NST) examines the effect of a test dose of BoNT on sweat production. In this test, the patient is brought to a room with controlled temperature and humidity, and presses their palm on a paper, which is then dyed and fixed with a 1% ninhydrin solution. A test dose of BoNT-A is injected into the hypothenar eminence, the palm sweating is re-measured by the same procedure after three weeks, and the ninhydrin-stained sheets are compared to determine the area of anhidrosis [68] . In the initial study where 18 patients (17 with CD and one with foot dystonia) with SNR were tested by MHDA and NST, the mean anhidrotic areas were smaller in NAb-positive patients (43.4 mm) than in the NAb-negative patients (412.3 mm) [68] . The anhidrotic areas were significantly correlated with NAbs titers as measured by MHDA [68] . Another study looked at both NST and MHDA results in 14 patients with CD and continued clinical responsiveness. Only one of 14 patients had a positive MHDA titer, with concordant small anhidrotic area (0.26 cm 2 ). Detectable titers (0-0.9 mU/mL) that still qualified as negative MHDA results were found in six of the 14 patients, and their anhidrotic areas were significantly smaller than both patients without any detectable NAb titers by MHDA and control patients. This data suggests that NST may be able to detect patients with subclinical resistance [69] .
Immunogenicity by Indication
Given the variability in indications, dosing strategies, BoNT formulations, definitions of SNR, and even assays used to detect NAbs, gathering and comparing data on antibody formation is a challenging prospect. Nevertheless, some consistent patterns have emerged from the review of the literature.
As noted previously, higher doses of BoNT tend to increase the risk of SNR due to immunoresistance. In patients treated with the original onabotulinumtoxinA formulation for blepharospasm, those receiving <500 units/year had a 4% prevalence of antibodies, while those receiving >500 units/year had a 63% prevalence of antibodies [7] . Similarly, several studies have noted that indications with lower total required BoNT doses, such as hemifacial spasm (HFS), tend to have higher sustained responses than those with higher typical doses, such as CD. A 10-year retrospective review of 235 subjects treated with BoNT found the highest rates of sustained response (defined as >50% improvement from baseline) at 2 years in HFS (96%), followed by blepharospasm (92%) and CD (68%), with similar rates at 5 years [4] . In Albrecht et al.'s cross-sectional analysis of patients with NAbs, the highest prevalence was noted in CD (15.7%), followed by other dystonia conditions (17.3%), blepharospasm (5.6%), and HFS (0%) [51] . This supports a direct correlation between the dose of BoNT and the presence of NAbs.
Spasticity remains an outlier in the aforementioned pattern. While some studies have noted higher rates of NAbs formation in spasticity indications (such as in SNR populations [20] ), rates of antibody formation seem to be lower than expected. In a meta-analysis including four studies examining onabotulinumtoxinA in spasticity, only 1/317 patients (0.3%) developed new NAbs (measured by MPA), despite the highest mean doses across indications [60] . In another study of 279 patients receiving long-term treatment of upper limb spasticity with onabotulinumtoxinA, only one of 224 tested patients (<0.5%) developed new NAbs by MPA associated with clinically reduced responsiveness [70] . In an open label trial of treatment of upper limb spasticity with abobotulinumtoxinA over three cycles, no antibodies were found by MPA in 41 patients [7, 71] . In the TOWER study examining escalating doses of incobotulinumtoxinA (400, 600, and 600-800 U over three cycles) in 155 patients with spasticity, none of the patients developed NAbs as determined by MHDA [72] .
The presence of NAbs has been found to be quite rare in other BoNT indications. Several studies have found low overall prevalence of NAb formation when BoNT was used to treat overactive or neurogenic bladder. In one study examining 180 patients who underwent one cycle of onabotulinumtoxinA, no NAbs were found by MPA [73] . In a meta-analysis examining BoNT-A immunogenicity, 22 patients with overactive bladder were treated with onabotulinumtoxinA, and none of the patients developed NAbs [60] . However, these studies typically evaluated patients after only a single treatment cycle, although antibodies have been found in association with treatment failure in this indication [74] . In another series, 25 patients were identified who had already been treated for overactive or neurogenic bladder with one to seven prior injections [75] . They received another injection (24 with onabotulinumtoxinA and one with incobotulinumtoxinA), and antibodies were assayed pre and post-injection by the MHDA. NAbs were found in eight of the 25 patients (16%); none of the patients with NAbs were noted to have a "very good" response, but the remaining five of eight patients with NAbs were satisfied with their outcome.
Cosmetic indications have been generally associated with low frequency of NAb formation, probably because of a relatively low dose requirement. In one study of 363 patients receiving four injections with onabotulinumtoxinA over 64 weeks for treatment of glabellar lines, no NAbs were detected (by unclear assays) [76] . According to the package insert for abobotulinumtoxinA, only three of 1554 (0.19%) subjects enrolled in a variety of phase III trials developed new binding antibodies [77] . None of these patients had antibodies by MPA, and none had SNR [7] . In subsequent analysis of pooled studies involving 1968 patients, no patients were found to have antibodies over 13 to 17 months of abobotulinumtoxinA injections [78, 79] . Another phase III trial utilizing incobotulinumtoxinA injections in 105 patients over 84 days noted no new NAb development [80] . Other indications, such as for axillary hyperhidrosis, have similar low immunogenicity. In a 52-week open-label study of treating axillary hyperhidrosis with onabotulinumtoxinA in 141 patients, no new neutralizing antibodies were found [81] .
Immunogenicity by Formulation

OnabotulinumtoxinA
The original onabotulinumtoxinA formulation used before 1997 has had resistance rates (Table 3) ranging from 5% to 17% (with the highest rate noted in a cohort of patients with CD) [18, 54] . During the first descriptions of SNR with this formulation, NAb formation was initially estimated at 7.1% [25] . In another cohort of 76 patients receiving injections since 1988, eight patients (10.5%) were found to have SNR [25] . A 2017 meta-analysis of five previous studies noted an overall NAbs prevalence of 7.2% [82] . A retrospective analysis of 106 patients with CD noted an incidence of 1.7 cases of SNR per 100 person-years, but no antibody data was available [4] . One study examined patients who had received BoNT injections for longer than 12 years; 45 patients were included, and they had all received their first injection between 1985 and 1989, thus having at least some cycles with the original preparation of onabotulinumtoxinA. Indications were spread between CD (43%), cranial dystonia (26%), and blepharospasm (11%). Among the 45 patients, 22 (49%) were found to have SNR, and 16/22 (73%) improved with adjustment of doses and targeting selection. Of the six patients of 45 (13.3%) with sustained SNR, only four were found to have antibodies by MPA. Thus, SNR is not always associated with NAbs, suggesting reasons other than immunogenicity may be responsible for SNR. As discussed earlier, the newer preparation of onabotulinumtoxinA, introduced in 1997, reduced the amount of inactive toxin, resulting in a marked decrease in immunogenicity [7, 54] . These lower rates were further confirmed in a prospective multicenter study conducted in 2008 evaluating the immunogenicity of onabotulinumtoxinA in CD [18] . In this study 326 patients were evaluated, 85.9% of whom received five treatments, with a mean treatment duration of 2.5 years. Only four of 326 patients (1.2%) developed NAbs by MPA. Among the four MPA positive patients, one continued to have clinical responsiveness despite the presence of NAbs. In keeping with previous data regarding SNR, most patients with documented SNR did not have NAbs. After excluding 25 patients where SNR status had been misinterpreted (and patients had continued to have clinical response), 48 had documented SNR: 24 responded at a later visit, 17 of them discontinued the trial, and only seven of the patients were determined to have true SNR, including the three patients with positive MPA and SNR.
Additional literature has supported this low rate of NAb formation. In 2010, a meta-analysis examined NAb-formation rate with onabotulinumtoxinA use for varying indications over 16 studies [60] . Across all indications, 11 of 2240 subjects (0.5%) were found to have NAbs during treatment. Of these 11 patients, only four of them (0.2%) lost clinical responsiveness. In an additional three randomized controlled trials involving 496 patients no NAbs were detected [60] . Even indications with typically higher dosage requirements had low rates of antibody formation, such as in CD (1.2%) [18] or spasticity (1/317 patients, or 0.3%) [60] . Another more recent meta-analysis found an NAb prevalence of 3.6% in 552 patients who participated in six studies [82] .
AbobotulinumtoxinA
Antibody formation rates range up to 3.6% per the package insert [77] . A recent meta-analysis found a NAb prevalence of 1.4% in 3326 patients over 14 studies [82] . Prior double-blind placebo controlled studies with subsequent open label extensions have noted NAb rates of 0.9% [83] and approximately 2% [86] . In another study of 357 patients with CD who had received at least six injections with abobotulinumtoxinA, 17 patients were determined to have SNR, only nine of whom were found to have NAbs (2.5%) [23] . A study of long-term treatment of abobotulinumtoxinA use in CD found a SNR rate of 3.3% in 90 patients who had received treatment for 10-12 years [87] . None of these patients were found to have NAbs by MHDA. As mentioned above, an open-label trial of abobotulinumtoxin in the treatment of upper limb spasticity found no NAb formation in 41 patients over three cycles [71] . We previously noted the 14% frequency of NAbs in the study by Albrecht and colleagues [51] in which majority of the 596 patients were treated with abobotulinumtoxinA. Although there are many limitations to this study, the relatively high frequency of NAbs may be due to the fact that abobotulinumtoxinA contains greater amounts of active neurotoxin than similar doses of other products [88] .
RimabotulinumtoxinB
The rimabotulinumtoxinB package insert estimates NAb formation at 18 months at a prevalence of 18% [85] . Initial regulatory submissions to the FDA for rimabotulinumtoxinB reported a rate of 22.6% of NAbs formation at 610 days [89] . A meta-analysis of 61 studies looking at NAbs formation with BoNT therapy included 1257 patients treated with rimabotulinumtoxinB, and noted an overall NAbs prevalence of 42.4%, compared to frequencies of 0.5% to 2.5% in BoNT-A formulations [19] . Similarly high rates of NAbs have been noted in multiple studies examining rimabotulinumtoxinB use in CD. For example, in one trial 31 of 90 patients (34.4%) treated over 42 months developed de novo [56] . In four prospective multicenter trials conducted over 18 months, rates of de novo NAb ranged from 33% to 44% [89] . However, the clinical relevance of these antibodies was uncertain. Paradoxically, higher percentages of MPA positive compared to MPA negative patients remained in the study. Larger proportions of patients who withdrew due to a lack of efficacy were MPA negative. Higher doses overall were used in MPA positive patients, but they did not require an escalation of dose over the study. The authors noted that these higher doses did not suggest that MPA positive patients had decreased response to BoNT: Rather, it suggested that patients who required higher doses of BoNT were more prone to developing MPA positive results.
IncobotulinumtoxinA
IncobotulinumtoxinA, in contrast to other BoNT preparations, lacks NAP, which may explain its relatively low immunogenicity, perhaps by reducing a theoretical adjuvant effect. In the prior meta-analysis of 61 studies examining BoNT immunogenicity, incobotulinumtoxinA was found to have the lowest rate of NAb formation at 0.5% [19] . In an initial study examining incobotulinumtoxinA use in upper limb spasticity, no patients formed NAbs during the main period or extension phase of the trial [90] . As noted previously, patients with previous BoNT-A SNR have been restarted on incobotulinumtoxinA with sustained clinical response [43] , and no patients in the TOWER study examining escalating incobotulinumtoxinA doses for spasticity developed NAbs by MHDA [72] . Even trials that have examined flexible dosing of incobotulinumtoxinA at intervals shorter than three months as per symptom-based assessment have noted no new NAb formation [22, 27, 91, 92] . In a cross-sectional analysis of antibody prevalence across indications and BoNT-A formulations, no antibodies were found in patients treated with incobotulinumtoxinA, despite higher than expected overall antibody prevalence [51] . However, the overall shorter duration of incobotulinumtoxinA used compared to older formulations was noted as a confounding factor.
Immunogenicity and Duration of Treatment
Overall, immunogenicity rates of the BoNT-A formulations (excluding the original batch of onabotulinumtoxinA) have been low, with meta-analyses estimating the prevalence from 0.5% for incobotulinumtoxin, 1.5% for onabotulinumtoxinA, and 1.7% for abobotulinumtoxinA [19] . However, many of these studies are relatively short in duration, and evaluate for antibody formation after only a few injection cycles, or even after a single injection cycle. However, given the trend of higher NAb formation in indications with higher BoNT doses, concern has been raised for higher prevalence of NAbs as cumulative doses rise over longer courses of treatment. One study examined the rate of partial SNR over time in 660 patients with CD [93] . After defining partial SNR as a systematic reduction in Tsui scores (a rating scale of CD severity) and decline in patient-reported efficacy, they found that the rate of partial SNR development remained fairly constant, even after four years. Interestingly though, the subgroup of patients who would eventually develop partial SNR had early significant changes in the standardized Tsui scores by their third injection cycle as compared to those who would continue to have clinical responsiveness [93] .
In 2016, Hefter et al. [94] examined antibody prevalence in CD patients treated with different formulation of BoNT over a long duration who continued to respond clinically. They analyzed 212 patients with NAb testing results; these samples were first screened with ELISA, followed by confirmatory testing with MHDA. The average treatment duration of these patients was 11.7 years. NAbs were found by MHDA in 31 of the 212 patients (14.6%). A yearly incidence of NAb formation was calculated to be 1.26% based on treatment duration. CD severity had been assessed by Tsui scores, and over the entire sample, Tsui scores remained relatively flat. However, while all patients still had clinical response, patients with NAbs by MHDA had overall higher Tsui scores, higher doses of BoNT required, and longer durations of therapy. Despite these higher scores, the authors noted there was "no obvious, good clinical criterion clearly predicting the presence of NAbs" [94] .
Calculations of incidences of NAbs formation assume a linear increase over time. A previous study has questioned both the timing of NAbs development and the risk of NAbs associated SNR with higher cumulative dosing of BoNT [3] . In this study, 27 patients with NAbs-associated SNR were analyzed: SNR developed between 3-4 injections and 11-12 injections, and development of SNR due to NAbs was rare after 14 injections. Other available studies on long-term use of BoNT have shown overall lower prevalence of NAbs than these more recent estimates. In a study examining 45 patients who had received BoNT injections for over 12 years the initial injections were performed between 1985 and 1989 with the more immunogenic original batch of onabotulinumtoxinA [95] . Of the 45 patients, six developed SNR and four of these patients were found to have NAbs by MPA [95] , which would fall within previously established range of 5%-17% antibody prevalence range for the original formulation of onabotulinumtoxinA [18] .
In another study, a longitudinal cohort of 100 patients injected first between 1989 and 1992 (primarily with abobotulinumtoxinA) were analyzed; 33 patients had stopped BoNT therapy, but only three were due to presumed SNR. Of these three patients, none had NAb by MHDA and NAb were not assessed in the other patients [87] . Another study examining abotulinumtoxinA in CD compared 303 clinically responsive patients to 162 patients who had dropped out of therapy. Only 17 of these 162 patients had SNR, and nine of the 17 patients had NAbs by MPA, MHDA, or EDB clinical testing, yielding a NAb prevalence of 2.5%. These patients with NAbs had 11 injections on average (ranging from [7] [8] [9] [10] [11] [12] [13] [14] , and all of the 303 clinically responsive patients had at least six injections [23] .
Discussion
There has been a great deal of research dedicated to exploring immunogenicity of BoNT. While certain trends of data have become apparent, such as the higher risk of immunogenicity of older formulations of onabotulinumtoxinA containing higher ratios of inactive proteins, many questions remain.
Perhaps the most notable uncertainty involves the exact relationship between NAbs and SNR. This uncertainty is partly due to a lack of quantitative, specific, and sensitive assays for NAbs. Furthermore, response to BoNT as determined by a subjective response or by application of clinical rating scales is difficult to ascertain reliably and objectively. In addition, any assessment of response must consider a placebo or nocebo effect, which makes the interpretation of possible correlation between antibodies and response difficult. While initial studies of MPA, considered by many as the "gold standard", have reported a 100% specificity with this assay, its sensitivity has always been relatively low, less than 50% [59] . Even the specificity is difficult to interpret, as rare patients with NAbs determined by MPA continue to have a "clinical response", although this may represent a placebo effect [18] . One study examined 214 patients with CD in a 10-week, open-label trial of onabotulinumtoxinA [96] . These patients were evaluated 6 weeks after injection by the physician global assessment scale (GAS) and the CD severity scale (CDSS). Patients who were deemed responders by these evaluations proceeded to the second, randomized controlled period of the trial, while non-responders were excluded. All patients had received at least two injections of onabotulinumtoxinA prior to enrollment. NAbs were detected by MPA in 32 of 191 available samples (17%) at baseline. Patients with and without NAbs at baseline exhibited similar statistically significant improvements in CDSS scores over 10 weeks, despite their antibody status [96] . This study is an example of how difficult it is to interpret antibody status and clinical response. For now, clinical resistance tests can be initially used in the evaluation of suspected SNR ( Figure 2 ) and PNR (Figure 3 ) before proceeding to additional structural assays or bioassays.
The MHDA has been found to have low sensitivity: Analyses of patients with SNR have shown NAbs prevalence of only 53.5% [19] and 44.5% [20] , respectively in two different studies. At the same time, the lower detection limit has raised concerns for increased rates of false positives [7] . In one meta-analysis, 3.5% of patients with continued clinical response had NAbs by MHDA [19] . However, studies looking only at clinically responsive patients have found an even higher prevalence of NAbs by MHDA despite continued clinical response [51, 94] . Adding to the confusion, patients undergoing rimabotulinumtoxinB injections in particular appear to have notably high rates of NAb development, yet high proportions of these NAb-positive patients continue to have a clinical response, and, conversely, patients with SNR often have no NAbs [89] . In that same study, higher prevalence of NAbs were noted in patients with higher doses of rimabotulinumtoxinB.
There are many unmet needs that must be addressed in order to optimize outcomes related to BoNT treatments. In addition to developing new and better formulations of BoNT, we need clear definitions of clinical response and SNR. Novel, cost-effective structural assays are needed that measure titers of NAbs with high predictive values. With wider access to these assays, patients undergoing BoNT may be monitored for emergence of NAbs so that appropriate measures can be taken to prevent SNR.
NAbs determined by MPA continue to have a "clinical response", although this may represent a placebo effect [18] . One study examined 214 patients with CD in a 10-week, open-label trial of onabotulinumtoxinA [96] . These patients were evaluated 6 weeks after injection by the physician global assessment scale (GAS) and the CD severity scale (CDSS). Patients who were deemed responders by these evaluations proceeded to the second, randomized controlled period of the trial, while non-responders were excluded. All patients had received at least two injections of onabotulinumtoxinA prior to enrollment. NAbs were detected by MPA in 32 of 191 available samples (17%) at baseline. Patients with and without NAbs at baseline exhibited similar statistically significant improvements in CDSS scores over 10 weeks, despite their antibody status [96] . This study is an example of how difficult it is to interpret antibody status and clinical response. For now, clinical resistance tests can be initially used in the evaluation of suspected SNR ( Figure 2 ) and PNR ( Figure  3 ) before proceeding to additional structural assays or bioassays. The MHDA has been found to have low sensitivity: Analyses of patients with SNR have shown NAbs prevalence of only 53.5% [19] and 44.5% [20] , respectively in two different studies. At the same time, the lower detection limit has raised concerns for increased rates of false positives [7] . In one meta-analysis, 3.5% of patients with continued clinical response had NAbs by MHDA [19] . However, studies looking only at clinically responsive patients have found an even higher prevalence of NAbs by MHDA despite continued clinical response [51, 94] . Adding to the confusion, patients undergoing rimabotulinumtoxinB injections in particular appear to have notably high rates of NAb development, yet high proportions of these NAb-positive patients continue to have a clinical response, and, conversely, patients with SNR often have no NAbs [89] . In that same study, higher prevalence of NAbs were noted in patients with higher doses of rimabotulinumtoxinB.
Conclusions
BoNT has been a safe and effective treatment option for a variety of neurologic and nonneurologic conditions. While formation of NAbs continues to be a concern, several strategies can be used to mitigate against the development of immunoresistance. These include development of formulations of products that are associated with minimal protein load, avoidance of adjuvants, safe 
BoNT has been a safe and effective treatment option for a variety of neurologic and non-neurologic conditions. While formation of NAbs continues to be a concern, several strategies can be used to mitigate against the development of immunoresistance. These include development of formulations of products that are associated with minimal protein load, avoidance of adjuvants, safe inter-injection interval, and the use of the smallest dose that provides optimal clinical response and does not compromise potential benefits. There is an urgent need to transition from bioassays to highly sensitive and specific structural assays that are inexpensive and readily accessible for long-term monitoring. Once these assays are available, they should be critically evaluated in longitudinal studies to define and clarify the relationship between NAbs and SNR. Better understanding of the immunologic mechanisms involved in the development of NAbs will undoubtedly lead to strategies to prevent or treat BoNT-related immunoresistance.
